Controlling the spread of HIV among hidden, high-risk populations such as survival sex workers and their clients is becoming increasingly important in the ongoing fight against HIV/AIDS. Several sociological and structural factors render general control strategies ineffective in these settings; instead, focused prevention, testing and treatment strategies which take into account the nature of survival sex work are required. Using a dynamic bipartite network model of sexual contacts, we investigate the optimal distribution of treatment and preventative resources among sex workers and their clients; specifically, we consider control strategies that randomly allocate antiretroviral therapy and pre-exposure prophylaxis within each subpopulation separately. Motivated by historical data from a South African mining community, three main asymmetries between sex workers and clients are considered in our model: relative population sizes, migration rates and partner distributions. We find that preventative interventions targeted at female sex workers are the lowest cost strategies for reducing HIV prevalence, since the sex workers form a smaller population and have, on average, more sexual contacts. However, the high migration rate among survival sex workers limits the extent to which prevalence can be reduced using this strategy. To achieve a further reduction in HIV prevalence, testing and treatment in the client population cannot be ignored.
Introduction
The global HIV burden is largely confined to key populations such as the men who have sex with men community, injection drug users and sex workers. Even in the generalized epidemic in sub-Saharan Africa, female sex workers (FSWs) are disproportionately affected [1, 2] . In many communities-especially those in which sex work is criminalized-sex workers face widespread human rights violations and high levels of sexual violence, which may lead to an increase in HIV susceptibility [3] . This is coupled with potential barriers to access of treatment and prevention options for HIV [4] . Clients of FSWs act as bridges to the larger community, with many having one or more regular sexual partners outside of commercial sex [5] . This contributes to the wider HIV epidemic.
Much of the sex work in sub-Saharan Africa is 'informal', and is often described as transactional or survival sex work [6, 7] . These terms encompass a variety of sex-for-goods or -money exchanges, and usually exclude women working as escorts or in brothels. This type of sex work is not unique to subSaharan Africa; see [8] for example. Women who engage in survival sex work are at particular risk of exploitation and have limited ability to advocate for their health and welfare [9] . We will consider the sexual contacts described in this work to be of this informal nature.
HIV can be controlled by providing life-long treatment to infected individuals and by a range of preventative options for at-risk individuals. Condoms are an inexpensive prevention measure against HIV and other sexually transmitted infections. Simulation studies have proposed that condom distribution programmes alone can significantly reduce HIV incidence among FSWs and clients [10] . However, FSWs frequently cite instances of forced unprotected sex, and it has been proposed that pre-exposure prophylaxis (PrEP) may be particularly beneficial in the FSW community [11] [12] [13] [14] . Standard PrEP is an oral medication taken daily by HIV-negative individuals which can significantly reduce the likelihood of infection through sexual contact [15] [16] [17] [18] [19] . For infected (HIVpositive) individuals, antiretroviral therapy (ART) increases life expectancy and has been shown to be highly effective in reducing transmission events [20] . Therefore, ART also serves to prevent new infections and reduce HIV incidence in the population [21] . Life-long ART is necessary for continued suppression of viral load. Additional control strategies targeting commercial sex workers include creating safer work environments, improving access to care, community empowerment and decriminalization [22] .
HIV transmission is associated with complex social interactions, such as sexual relationships or needle sharing. Therefore, knowledge of the underlying social network is important for understanding disease spread and for designing control strategies. We use a random network model to represent heterosexual contact; it is on this network that the model disease process spreads. The use of networks to model epidemics is well established [23] , and various authors have investigated immunization strategies on networks [24] [25] [26] [27] [28] . In particular, Chen & Lu [28] describe an efficient and feasible immunization strategy for FSWs. All of the cited work focuses on optimized approaches within a single population. By contrast, in the present work, we use a bipartite network model to study the distribution of combination HIV preventionPrEP and ART-between two distinct populations, namely the FSWs and their clients.
Previous HIV models have considered the effect of ART and, more recently, PrEP on HIV prevalence in sub-Saharan Africa and elsewhere. The review by Gomez et al. [29] explored the potential impact of a large scale PrEP roll-out alongside existing HIV prevention programmes, such as condoms and ART, and determined that targeting PrEP to key populations would be an effective strategy as measured by cost per infection averted. Pretorius et al. [30] conclude that PrEP targeted at 15-35-year-old women could have a positive impact on the South African epidemic, but that the relative effectiveness of PrEP compared to ART decreases with expanded ART coverage. Vissers et al. [31] developed a compartmental model which captures links between the high-risk populations of sex workers and their clients, and the low-risk general population. They found that PrEP would have a substantial impact in many African settings when targeting both FSWs and clients, because condom use is frequently low in such settings. Recently, Sarkar et al. [32] have presented a systematic review of the cost-effectiveness of current HIV prevention methods in sub-Saharan Africa. They determine that there is strong evidence to support targeting higher-cost interventions (such as PrEP) to high-risk populations; however, there is a lack of economic studies that focus specifically on sex worker populations or on combination intervention strategies.
Although some of the aforementioned modelling studies have examined the potential impact of PrEP in sex worker populations, they do not consider the implications of the nature of survival sex work on the structure of the sexual network. To capture this, we use a dynamic bipartite random network model with different degree distributions for the sex workers and clients. Using this model-calibrated against historical data from a South African study-we investigate the potential impact of combined PrEP and ART for HIV control and prevention in a population of survival sex workers and their clients. We compare the results from five combination-intervention strategies to determine the lowest-cost strategy to achieve a given HIV prevalence.
Data analysis
A major consideration in this work is the characterization of sex worker-client interactions. Previous work has largely focused on FSW communities [5] , since clients typically do not form an identifiable group. Therefore, complete social network data between sex workers and their clients appears to be scarce. In this section, we analyse historical data collected on sex worker-client interactions in a South African mining community as part of the Carletonville-Mosuthumpilo Project [33] which took part from 1998 to 2000, and compare statistics of these interactions with those reported in other studies conducted in similar populations. Although complete social network data are unavailable, the Carletonville-Mosuthumpilo Project questionnaire data provides insight into the demographics and behaviour of both clients and FSWs. Table 1 compares some summary metrics from this project with studies of similar communities. The statistics reported in this table indicate strong similarities between the CarletonvilleMosuthumpilo data and other studies of sex work in rural communities [34] and along commercial trucking routes.
Perhaps the most significant feature of FSW-client populations is that the FSWs on average have a greater number of different partners than do clients. The ratio of the number of different partners varies significantly, with FSWs reporting between twice as many to almost 50 times the number of different partners than do the clients. In the CarletonvilleMosuthumpilo data, FSWs report on average approximately 10 times as many different sexual partners over the past year than do clients. The data from Ferguson et al. [35] suggest that the majority of clients are likely to be strangers. This is echoed in interviews with FSWs reported in Campbell [39] . The average number of contacts is furthermore linked to the relative population sizes of FSWs and clients. During the time of this study, Carletonville was home to approximately 500 FSWs and 75 000 miners-only a fraction of which would have been clients. Based on the analysis contained in electronic supplementary material, S1 and on the relative numbers of different partners, we estimate a 10:1 ratio of clients to FSWs.
The Carletonville-Mosuthumpilo data indicate that the FSWs are a highly mobile population even by comparison with the client population who are predominantly migrant workers. This is consistent with the Ramjee & Gouws [37] study, which shows similar statistics for both FSWs and clients (in this case, truckers). Although the specific factors contributing to the migration rate of FSWs are uncertain, it is plausible that the challenges faced by such sex workers would motivate their departure once circumstances permit. Meanwhile, the client migration rate is dependent on continued employment; previous work has identified migration as an HIV risk factor among men [40] . We hypothesize that a significantly higher migration rate among FSWs compared with the client royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190497 subpopulation is a typical characteristic of many survival sex worker-client sexual networks [6] .
HIV prevalence data for FSWs and clients is included in table 1. We are especially interested in the difference in disease prevalence between the two populations. We do not have client-only prevalence from Carletonville; 29% HIV prevalence was reported among all miners, and so one expects the clientonly prevalence to be higher than 29%. The studies from KwaZulu-Natal [37] and Uganda [38] show a client-only HIV prevalence that is 54-100% of the FSW prevalence.
Model description
There are two main components to our model: the contact process (described in §3.1) that governs how HIV spreads throughout the population, and the disease process (described in §3.2) that governs how HIV progresses within a host.
Sexual contact network
A dynamic bipartite random network is used to model sexual contact between FSWs and their clients. The network comprises of two-node sets, representing FSWs and clients. Edges connect FSWs to clients-representing potential sexual contact-and are rewired at each time step (independently of the disease states of the nodes). Thus we interpret the instantaneous degree of a node as the number of different sexual partners during one-time step (0.1 years). New partnerships are formed randomly, and we assume there is no preference for repeat partners. This assumption is in line with the observations in [39] , where FSWs in hotspots indicate in interviews that most of their clients are strangers. The degree sequences for the FSWs and clients are sampled from Poisson and truncated power-law distributions, respectively. Motivated by the CarletonvilleMosuthumpilo study, we use 5000 client nodes and 500 FSW nodes. The details of the model generation are given in electronic supplementary material, S2.2.
Population and HIV dynamics
Each node of the bipartite random network is in one of five states, summarized in table 2: protected against HIV, susceptible to HIV infection, acute stage HIV infection, latent stage HIV infection or on treatment with ART. The state diagram is shown in figure 1 and the model parameters are explained and estimated in table 3.
Nodes in the susceptible state may become infected through a contact process on edges which connect to a nearest neighbour in either the (highly infectious) acute state or the (moderately infectious) latent state. The contact process is Markovian, with a fixed probability of disease transmission per unit time on each edge.
Upon initial infection, nodes are in the acute state. Nodes transition from the acute state to the latent state, from which they are randomly placed on treatment, in each case with a This statistic is the number of sexual acts reported over the previous 14 days. royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190497 fixed probability per unit time. We make the simplifying assumption that nodes in the acute state cannot transition directly to the treated state. This is because the window period for HIV testing, combined with the time to achieve viral suppression after ART initiation, means that a direct transition from the acute state to viral suppression under ART would be rare. The transition to the treated state in the model combines a positive HIV test, engagement in care, initiation of ART and viral suppression; therefore, one could consider the treatment rate in the model to be a combination of the rates for each of these processes. We consider treatment rates γ c , γ f ranging from 0 to 0.4 per year. A treatment rate of 0.4 per year corresponds to an expected time to viral suppression of approximately 2.5 years. Each node may be 'removed' from the population with a probability per unit time that depends on the state of the node. This removal captures migration, natural death and death due to AIDS. The node is then replaced with an equivalent node (all edges remaining intact), which has probability α of being in the latent stage HIV state, and probability 1 − α of being in the susceptible state. For simplicity, we assume that nodes are not initialized in the relatively short acute stage HIV state. The value of α is determined by the background HIV prevalence in the general population, which is beyond the scope of our model. Thus, upon entry into the model population, both FSWs and clients have a probability of being infected which is equal to the 20% historical background HIV prevalence in South Africa [33] . We assume the same background HIV rate among incoming FSWs and incoming clients; young women bear a higher burden of disease in South Africa [41] , but since transactional sex is a confounding factor in such statistics [42] , we conservatively take a single value for α.
We interpret the state V as being an 'on PrEP' state, although from an epidemiological standpoint this is equivalent to a vaccinated state. The primary difference lies in cost, because PrEP requires ongoing treatment to maintain immunity. We assume, for simplicity, that both PrEP and ART are 100% effective in preventing infection and transmission of HIV. Therefore, infection events occur only between nodes in the susceptible state and nodes in the acute and latent HIV states.
Calibration and validation
Most of the parameters in table 3 have been estimated using public health sources or the Carletonville-Mosuthumpilo data. The remaining parameter for us to estimate is the infectious contact rate, β. We assume no asymmetry between male-to-female and female-to-male transmission, an assumption that has been shown to be acceptable in sub-Saharan African populations [43] . Since systematic treatment programmes had yet to be introduced in Carletonville at the time of data collection, we calibrate the model in the absence of treatment or PrEP (figure 2). We find that taking β = 0.6 results in an equilibrium disease prevalence of 69% which closely matches the recorded 70% prevalence among the Carletonville FSWs (table 1) . The calibration results correspond to a client prevalence of 48% at equilibrium (a reasonable value given the discussion in §2).
Results
The model developed in the previous section is used to investigate possible control strategies by varying both treatment rates (γ c , γ f ) and the rate at which individuals are placed on PrEP (ν c , ν f ). Each simulation is initialized with the calibrated equilibrium prevalences, namely 69% and 48% for the FSW and client populations, respectively. We evaluate our Figure 1 . Schematic of model progression in client nodes. The model structure for FSW nodes is identical, but the values of some parameters differ between client and FSW nodes (indicated by subscripts c and f, respectively). The notation N (cA þ L) refers to the total number of infectious nearest neighbours, combining those in the acute state (weighted by parameter c) and in the latent state. royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190497 interventions in two ways. First, we consider the total untreated HIV prevalence after 20 years, where total untreated HIV prevalence is defined to be the proportion of the total population (both clients and FSWs) in the acute stage HIV and latent stage HIV states. HIV-positive individuals in the treated state are not included in our computation of HIV prevalence since that would mask the impact of treatment scale-up on the epidemic, and because, in this model, treated individuals do not contribute to the overall incidence. Additionally, we look at the relative cost for each PrEP and treatment strategy to achieve a given HIV prevalence after 20 years. To compare the cost of PrEP and ART, we conservatively assume that the cost of ART is double that of PrEP [30] . The cost of PrEP is taken to be one unit per individual on PrEP per simulation time step, and so the cost of ART is two cost units per individual on ART per simulation time step. The total cost is normalized to the size of the network.
We consider interventions that combine both PrEP and ART. Susceptible nodes transition to the PrEP state V at rates ν c for clients and ν f for FSWs. Nodes in the latent stage HIV state transition to the treated state at treatment rates γ c for clients and γ f for FSWs. PrEP coverage is defined to be the proportion of HIV-negative clients or FSWs on PrEP after 20 years. The following combined strategies are evaluated: (A) treat and administer PrEP to FSWs only; (B) treat and administer PrEP to clients only; (C) treat clients and administer PrEP to FSWs; (D) treat FSWs and administer PrEP to clients; and (E) treat both populations while administering PrEP to FSWs only. We do not consider targeted PrEP or ART strategies within each subpopulation. That is, when applying such strategies to FSWs and/or clients, nodes are placed uniformly at random on PrEP or ART, as indicated. For each strategy, we plot the mean prevalence of 10 simulations on each of 40 random networks (lines connecting markers are piecewise-linear interpolants for visualization purposes only). Since both the network size and initial epidemic are large, the sample variance is low (less than 0:1%). In comparison to the uncertainty in model parameters, this variance is negligible.
Interventions
When both ART and PrEP are targeted at the FSW population (Strategy A), as shown in figure 3 , there is a threshold PrEP coverage of approximately 80%, above which there is not a significant additional decrease in HIV prevalence. Figure 3 shows that focusing only on PrEP is the lowest-cost option for reducing total prevalence to approximately 20%. PrEP should be combined with treatment to reduce prevalence to below 20% in this population. Figure 4 shows the impact of Strategy B, which targets both treatment and PrEP to the client subpopulation alone. The response of the total prevalence to increasing PrEP coverage in the client subpopulation is more gradual than for the FSW subpopulation so that higher coverage is required to realize the lowest prevalence. When compared with Strategy A, figure 4 shows a larger range over which combining treatment with PrEP is the lowest-cost solution.
The next two interventions considered target both populations. Figure 5 shows the case of treating only clients and providing PrEP to FSWs (Strategy C). For any given total prevalence target, it is cost-beneficial to re-allocate testing and treatment resources from the clients towards increasing PrEP coverage in the FSWs. However, if the targeted total prevalence is below approximately 20%, then a testing and treatment programme for the clients becomes necessary. The results for Strategy D (figure 6) show that if we consider treating only the FSW population, it is never economical to prioritize PrEP to clients.
Strategy E is the final intervention considered, and is arguably the most realistic from a public health policy perspective. In this case, testing and treatment programmes are implemented for both FSWs and clients; however, PrEP is targeted at only FSWs. The results for this scenario are shown in figure 7 . As with Strategy D, we find that for a given prevalence target it remains cost-advantageous to prioritize PrEP for FSWs. Figure 7 shows that the cost advantage of prioritizing PrEP is slightly greater when treatment is applied to both subpopulations. However, it remains the case that a treatment programme is required to achieve total HIV prevalence below approximately 20%.
All five strategies are collated in figure 8 for ease of comparison. In particular, this figure shows that strategies B and Dwhich target PrEP towards clients-are inefficient in that there always exists a lower-cost strategy to achieve the same HIV prevalence. For the remaining strategies, the lowest-cost strategy depends on the desired achievable prevalence after 20 years. As expected, strategies C and E are very similar in both cost and prevalence outcomes, since the proportion of FSWs on treatment is small. However, in an aggressive treatment regime, Strategy E presents the best outcomes. Regardless of treatment allocation, this figure shows that increasing the PrEP coverage among FSWs is always the lowest-cost strategy.
Discussion
The sexual network of survival FSW-client populations has several structural features which distinguish it from other sexual networks. We have examined the potential importance of these features in designing control strategies for an HIV epidemic. The sexual network is modelled as a dynamic bipartite network in which the FSW subpopulation is significantly smaller than the client subpopulation. Intuitively, one would expect that the most effective strategy for control of an HIV epidemic on a bipartite network would be to target both treatment and royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190497 prevention strategies to the smaller subpopulation-in this case the FSWs. Our results indeed show that PrEP targeted at FSWs is a highly effective strategy. The caveat is that targeting only the FSW subpopulation cannot reduce the overall HIV prevalence to near-zero levels. This is a consequence of the asymmetry in population sizes and the high migration rate of survival FSWs. Not only does the high migration rate of survival FSWs mean that 100% PrEP coverage is infeasible, but it also introduces new HIV infections from the wider population.
The lowest-cost strategy for further reductions in prevalence is to combine PrEP in the FSW subpopulation with expansion of testing and treatment with ART in both the FSW and client subpopulations.
These results build on previous modelling studies such as those presented in [10, 46] , who found that PrEP targeted at FSWs could be an impactful addition to existing combination intervention programmes. Our model, however, relies on a number of important assumptions. In particular, we assume royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190497 no loss of adherence to either PrEP or ART (except through migratory events); partnerships are randomly selected at approximately one month intervals; and we ignore other public health interventions such as voluntary male circumcision or condoms (while noting that survival sex workers in particular face substantial difficulties in enforcing safe sex). Although the Carletonville-Mosuthumpilo data gives important insights into an untreated FSW-client population, self-reported questionnaire data are an unreliable indication of sexual contacts [47] , and there is a lack of studies that specifically recruit FSWs for biomedical interventions [14] . Such studies will be essential for future investigation of optimal control strategies in populations where transactional sex is commonplace. One of our primary assumptions is that PrEP is 100% effective and acts like a perfect vaccine. In reality, behavioural studies have shown that the efficacy of daily oral PrEP depends strongly on adherence [48, 49] . While PrEP adherence has been studied among men who have sex with men [17] [18] [19] , heterosexual couples [15, 50] and heterosexual men and women [16, 51] , we are aware of no studies which have exclusively recruited FSWs. The study of Van Damme et al. [51] included a small number (12%) of women who reported recently exchanging money for sex. Unlike in the other cited studies, they found drug adherence-and hence PrEP effectiveness-to be low. There is, however, evidence that risk-perception and adherence seem to be positively correlated [15] , and FSWs in South Africa have been shown to be highly receptive to PrEP [11] ; these results indicate that adherence may be significantly different among FSWs. Therefore, there is a need for studies that target sex workers specifically. In the absence of such studies, we do not explicitly model adherence. The implementation of long-acting PrEP which is currently in development could further address this issue [52] .
Our incorporation of migration somewhat mitigates the assumption that PrEP is 100% effective, by allowing events where a 'vaccinated' individual can move directly into the susceptible state or the latent-stage HIV state. However, if PrEP does not completely protect adherent users from infection, royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190497 then our model could be underestimating the number of nodes in the acute-stage HIV state. If we instead consider adherence to be the primary factor in PrEP efficacy, and we choose to model individuals as either 'adherers' or 'non-adherers', then we might be interested instead in what happens if 100% PrEP coverage is not attainable. Since the threshold PrEP coverage for FSWs is just over 80%, our optimal strategy accounts for about 20% non-adherence. Even if the number of non-adherers were greater than this threshold amount, the advised strategy would again be to prioritize PrEP to FSWs, although the achievable reduction in prevalence would be lower than predicted. We use a dynamic network model in which all partnerships are formed between FSWs and clients and are randomly reassigned at every time step. We neglect any regular partners of either FSWs or clients. One could instead include both casual and regular contacts by constructing a semi-dynamic network model. It has been suggested that condom usage differs significantly between casual and regular partners, and that FSWs may engage in higher-risk behaviour with their regular (or non-paying) partners [53, 54] . In addition to dynamic edges which represent casual contact, one could fix certain edges to represent regular contacts. This procedure could form the basis of a study on the impact of regular partnership on the efficacy of a targeted PrEP roll-out. Furthermore, we do not consider the general population outside of the sex worker-client population, nor do we take into account the regular partners of migrant workers (an issue that is explored in [55] ). Our focus here is on transmission of HIV within the sex worker-client network, and we assume that the impact of outside partnerships is small in comparison to the within-network interactions.
We have repeated the simulations from §5 using both a static network model (electronic supplementary material, S3) and a compartmental model (electronic supplementary material, S4) in order to ascertain the effects of network structure and dynamics on our conclusions. In our static network model, all partnerships are concurrent and repeat contacts, whereas in our dynamic network, the chances of having concurrent contact is low and the probability of repeat contacts is even lower. While concurrency, in particular, has been shown to affect the nature of an epidemic [56] , qualitatively our conclusions remain the same regardless of whether we use the static or dynamic network. Similarly, our conclusion to prioritize PrEP to FSWs is robust to assumptions regarding the degree distributions in our network models, as tested using the compartmental model. That being said, we do observe several important differences among the three models. Both network models (but not the compartmental model) exhibit a threshold PrEP coverage for any given treatment rate. However, these thresholds are markedly lower in the static model than the dynamic model; this effect is particularly apparent when considering PrEP targeted at FSWs in high treatment regimes. While both network models suggest that, under high treatment of both subpopulations, increasing PrEP to FSWs will lead to cost savings, the compartmental model shows no such behaviour. Nevertheless, all models are consistent with the relative impact of each strategy considered. Therefore, we find that our conclusions regarding resource allocation are robust to our assumptions regarding network structure and dynamics, but that these considerations are key for future economical studies.
Conclusion
We have found that the most effective strategy for reducing HIV prevalence in a survival FSW-client population is a PrEP programme targeted at FSWs. As PrEP coverage of the FSWs is scaled up, the projected HIV prevalence after 20 years decreases dramatically until a threshold coverage is reached. Further expansion of PrEP coverage above the threshold level does not lead to significant further reduction in HIV prevalence. In the Carletonville sex worker population studied, we find that this threshold PrEP coverage is approximately 80%. We find that a PrEP programme targeted at the clients is never the lowest-cost strategy for reducing HIV prevalence.
A PrEP programme targeted at FSWs alone cannot effectively eliminate HIV as a public health threat in the sex worker-client population. Although the lowest-cost strategy for achieving a given prevalence is to prioritize PrEP in the FSW population, the impact of the higher migration rate among FSWs and the asymmetric population sizes is to limit the extent to which prevalence can be reduced through this strategy. An aggressive reduction in prevalence requires a combination strategy of PrEP for the FSWs and expanded testing and treatment for both the sex workers and the clients. In general, intervention strategies should be prioritized to the sex workers, but testing and treatment of the client population cannot be neglected.
Data accessibility. Software for performing the simulations is hosted at: https://github.com/nmulberry/NepidemiX. Summary data from the Carletonville-Mosuthumpilo project are contained in the electronic supplementary material.
